Abstract. The current studies entail systematic quality by design (QbD)-based development of stimuliresponsive gastroretentive drug delivery systems (GRDDS) of acyclovir using polysaccharide blends for attaining controlled drug release profile and improved patient compliance. The patient-centric quality target product profile was defined and critical quality attributes (CQAs) earmarked. Risk assessment studies, carried out through Ishikawa fish bone diagram and failure mode, effect, and criticality analysis, helped in identifying the plausible risks or failure modes affecting the quality attributes of the drug product. A face-centered cubic design was employed for systematic development and optimization of the concentration of sodium alginate (X 1 ) and gellan (X 2 ) as the critical material attributes (CMAs) in the stimuli-responsive formulations, which were evaluated for CQAs viz. viscosity, gel strength, onset of floatation, and drug release characteristics. Mathematical modeling was carried out for generation of design space, and optimum formulation was embarked upon, exhibiting formulation characteristics marked by excellent floatation and bioadhesion characteristics along with promising drug release control up to 24 h. Drug-excipient compatibility studies through FTIR and DSC revealed absence of any interaction(s) among the formulation excipients. In vivo pharmacokinetic studies in Wistar rats corroborated extension in the drug absorption profile from the optimized stimuli-responsive GR formulations vis-à-vis the marketed suspension (ZOVIRAX®). Establishment of in vitro/in vivo correlation (IVIVC) revealed a high degree of correlation between the in vitro and in vivo data. In a nutshell, the present investigations report the successful development of stimuli-responsive GRDDS of acyclovir, which can be applicable as a platform approach for other drugs too.
INTRODUCTION
Development of oral controlled release products is invariably precluded by their inability to retain and localize the drug delivery system (DDS) within the desired region of the gastrointestinal tract. Considerable research, therefore, has poured into the plausibility of controlled and site-specific drug delivery to the gastrointestinal tract (1) . Gastroretentive drug delivery systems (GRDDS), in this context, have been explored for maintaining the drug release characteristics within the Babsorption window^ensuring optimal extent of oral bioavailability and decreasing the frequency of administration (2) . However, majority of such systems are solid oral ones, possessing the obvious challenges for their administration in pediatric and geriatric patients leading eventually to poor patient compliance (3) .
Of late, the stimuli-responsive systems have gained significant interest owing to their excellent site-specific drug delivery characteristics coupled with mucoadhesion properties (4) . Such systems, primarily containing smart or stimuliresponsive polymers like polysaccharides, polyacrylic acids, polyanhydrides, polyethers, and polyesters, undergo transformation from Bsol^to Bgel^state, with change in various biological stimuli like pH, temperature, ionic content, and/or solvent composition (5) . Among these, the polysaccharidebased materials such as gellan, xanthan, chitosan, pectin, cyclodextrin, and alginate derivatives possess tremendous potential in drug delivery owing to their cost-effectiveness, high drug loading capacity, controlled drug release characteristics, biocompatibility and biodegradability, and absence of systemic toxicity and long-term stability (6) . Diverse applications of stimuli-responsive systems have been reported in literature for their promising controlled release profile of drug delivery Electronic supplementary material The online version of this article (doi:10.1208/s12249-015-0367-0) contains supplementary material, which is available to authorized users. through different routes of administration including oral, nasal, ocular, and vaginal (7) . Applications of oral stimuliresponsive systems for site-specific delivery outweighs over GRDDS owing to their benefits like ease of administration of formulations in the Bsol^state to the pediatric and geriatric patients, simple manufacturing, and above all, attainment of both floating and mucoadhesion characteristics leading to precise control of gastric retention (8) .
Acyclovir, an analogue of purine nucleoside, is one of the most commonly used antiviral drugs recommended for the treatment of Herpes simplex, Varicella zoster, and Herpes zoster infections (9) . It exhibits poor and inconsistent oral bioavailability (i.e., 15-30%) owing to low aqueous solubility (2.5 mg/mL) and lack of site-specific absorption in the gastric region. Recommended dosage schedule of 200-400 mg for two to five times a day tends to reduce the patient compliance and increase the overall cost of therapy. In this context, drug delivery strategies like mucoadhesive tablets (10) , mucoadhesive microspheres (11, 12) , single-unit (13, 14) and multiple-unit floating systems (15) , and in situ gelling systems (16) have already been reported for reducing the dosing frequency, attaining controlled drug release profile and potentially improving the patient compliance of acyclovir, but yielding only limited fruition. This calls for developing an efficient stimuli-responsive GRDDS with potentially improved drug absorption characteristics and patient compliance.
Development of an impeccable stimuli-responsive GR formulation involves a number of formulation and process variables (17) . Optimizing the formulation composition and process(es) involved during the manufacturing of such DDS using traditional one-factor-at-a-time (OFAT) approach is a herculean task, leading eventually to just workable solutions with maximal experimentation and expenditure of great deal of time, money, and effort (18) . Systematic optimization of DDS employing quality by design (QbD) paradigms based on the salient principles of quality risk assessment (QRM) and design of experiments (DoE) has lately been popularized (19) . These provide comprehensive understanding of the formulation system identifying plausible interaction(s) among the product and/or process-related factors to produce Bthe bestp ossible formulation systems (20) . The studies, therefore, were undertaken to develop the systematically optimized stimuli-responsive GRDDS of acyclovir employing natural and biodegradable, effective, and economical polymers, viz. sodium alginate and gellan, exhibiting pH-responsive sol to gel transformation characteristics. The prepared formulations were evaluated for biopharmaceutical performance through in vitro, ex vivo, and in vivo studies.
MATERIALS AND METHODS

Materials
Acyclovir was provided ex-gratis by M/s IPCA Laboratories Ltd., Mumbai, India. Various chemicals employed during the studies were procured from the respective suppliers, i.e., sodium alginate from M/s Signet Chemical Corporation, Mumbai, India; gellan from M/s Lab-Chem Ltd., Mumbai, India; gelatin from M/s SD Fine Chemicals Ltd., Mumbai, India; and calcium carbonate from M/s Universal Expo Chem., Mumbai, India. All other chemicals and reagents used were of analytical grade and were used as obtained.
Methods
Defining the QTPP and CQAs
As the first step towards QbD-based product development of stimuli-responsive GR systems of acyclovir, the patient-centric quality target product profile (QTPP) was defined for accomplishing gastroretentive profile of drug delivery for maximal therapeutic benefits. In order to meet the QTPP, critical quality attributes (CQAs) of the stimuliresponsive GR formulations were identified viz. viscosity (η) and gel strength (Gs) (imperative for bioadhesion of the formulations), onset of floatation (F o ) (indicative of gastroretentive potential of the formulations), time taken for 60% drug release (T 60% ), and amount of drug released in 16 h (Q 16 h ) (marker of drug release characteristics) (21) . Table 1 of supplementary data summarizes the nuances of key elements of QTPP, while apt justifications of the CQAs selected for stimuli-responsive GR systems of acyclovir have been enlisted in Table 2 of supplementary data.
Formulation Optimization of Stimuli-Responsive GR Systems
Based on the preoptimization studies and risk assessment studies, the highly influential CMAs of stimuli-responsive GR systems were identified and systematically optimized employing face-centered cubic design (FCCD) with α=1. The stimuli-responsive GR formulations were prepared by simple admixture method. Table I enlists the formulation composition of the sol form of stimuli-responsive GR system. Initially, calcium carbonate was dispersed in purified water (approx. 2 mL). Subsequently, the requisite quantities of sodium alginate, gellan, and gelatin (previously dissolved in 8 mL of hot water) were added followed by stirring on a magnetic stirrer. After uniform mixing, acyclovir (800 mg/10 mL) was dispersed in the resulting solution. Sodium alginate and gellan were selected as the vital polymers, since both of these are documented to possess pH-responsive gelling property, controlled drug release, and floatational characteristics, while gelatin was selected to synergistically increase the gel strength, and facilitate in regulation of drug release (22, 23) . Calcium carbonate was selected as a gas-forming agent, as it releases carbon dioxide in the presence of gastric fluid resulting in the formation of gel with floating characteristics (24) . On the basis of various literature reports, the quantity of calcium carbonate used in the formulation was fixed at 300 mg (24, 25) , which is considerably lower than the permissible limit of 550 mg suggested by FDA (26) and much lower than the amount (i.e., 1250 mg) known to cause flatulence and/or systemic acidosis (27). A total of 13 different formulations were prepared employing sodium alginate (X 1 ) and gellan (X 2 ) as the CMAs at three different levels, i.e., low (−1), intermediate (0), and high (+1) levels, including quintuplicate studies at the center point (0,0) formulations. Table II summarizes an account of 13 experimental runs studied along with actual and coded values of the studied CMAs. All the prepared formulations were evaluated for various CQAs viz. η, G S , F O T 60% , and Q 16 h .
Characterization of the Stimuli-Responsive GR Formulations
Rheology. Rheological measurements were carried out to determine the flow behavior of the stimuli-responsive GR formulations. The studies were performed using a rotational-type rheometer (Rheolab QC, M/s Anton Paar GmbH, Vienna, Austria) attached with a double gap spindle geometry (DG26) and a water jacket (C-LTD80/QC). A volume of 10 mL of the formulation was poured inside the hollow cylinder using a 5-mL syringe. The hollow spindle having Toolmaster™ was then placed inside the cylinder and snap-fitted to the instrument sensor. All the rheological measurements were conducted at pH 6.8 and 37±0.2°C, with shear rate and shear stress maintained at 0 to 100 s −1 and 0 to 10 Pa, respectively. Data analysis was subsequently carried out using Rheoplus-32 software ver 3.40.
Gel Strength. The mechanical strength of the gel formed from the stimuli-responsive formulation was determined using Texture Analyzer (TA.XT.Plus Texture Analyzer, M/s Stable Microsystems, Surrey, UK) by placing the gelled formulation in a standard beaker below the probe. An analytical probe was then immersed into the sample. The Texture Analyzer was set to the Bgelling strength test^mode or Bcompressionm ode with a test speed of 1.0 mm/s. An acquisition rate of 50 points per second and a trigger force of 5 g were selected. An aluminium probe of 5-mm diameter was used for all the samples. The study was carried out at room temperature. The force required (kg) to penetrate the gel was measured as the gel strength.
In Vitro Floating. In vitro floating studies were carried out in USP apparatus II containing 900 mL of simulated gastric fluid (SGF, pH 1.2). An aliquot (1 mL) of the prepared sol formulation was poured in the medium, and time required for onset of floatation of the formulation in the upper onethird part of the vessel was visually observed and recorded as lag time in floatation.
In Vitro Drug Release. In vitro drug release studies of the stimuli-responsive GR formulations were carried out in triplicate, employing USP XXXIV paddle type (apparatus 2) using SGF (pH 1.2) with a volume of 900 mL as the dissolution medium at 50 rpm and at 37±0.5°C. An aliquot (1 mL) of the prepared sol formulation was poured in the medium, and 5-mL samples were withdrawn periodically at suitable time intervals followed by replenishment with an equivalent volume of fresh dissolution medium. Samples were analyzed spectrophotometrically at 257 nm employing a UV-vis spectrophotometer 3000 + (M/s Labindia Instruments Pvt. Ltd., Mumbai, India). The raw data obtained from in vitro drug release studies were analyzed using ZOREL software. The software has the inbuilt provisions for applying the correction factor for volume and drug losses during sampling (Eq. 1) and calculating the values of amount of drug dissolved, percent release, rate of drug release, and log fraction released at varied times (28) .
where C C =corrected concentration, C t =uncorrected absorbance, V s =sample volume, and V t =total volume of dissolution medium. Drug release data were fitted into Korsemeyer model for non-swellable compressed matrices, as described in Eq. (2) (29).
where M t is the amount of drug released at time Bt^, M ∞ is the amount of drug released at an infinite time, K is the kinetic rate constant, and n is the release exponent.
Optimization Data Analysis and Validation of QbD
The optimization data analysis was carried out after evaluating the stimuli-responsive GR formulations for various CQAs like η, G S , F O , T 60% , and Q 16 h . Mathematical modeling was carried out by employing second-order quadratic model ) , and lack of fit. The response surface analysis was carried out employing 3D response surface plots and 2D contour plots. The prognosis of optimum formulation was conducted in two stages, i.e., constructing a feasible knowledge space followed by exhaustive grid search to predict the optimized formulation. Also, the numerical optimization was carried out using desirability function by Btrading off^of various CQAs, as per the selected acceptance criteria, i.e., maximization of T 60% , Q 16 h , Gs, and minimization of F o and η, respectively.
Validation of the QbD methodology was carried out by selecting eight confirmatory check-point formulations from feasibility and grid search region. The validation formulations were evaluated for various CQAs, and the observed responses were compared with the predicted ones. Linear correlation plots were constructed between the observed and predicted responses, forcing the line through the origin. Further, the percent prediction error (bias) was also calculated with respect to the observed responses, and residual plots were drawn between the observed responses and the percent bias.
Sol to Gel Transformation Studies
An aliquot (2 mL each) of the optimized stimuliresponsive GR formulation was placed in each of the test tubes containing solutions with pH ranging between 2 and 7 at room temperature. Tubes were left undisturbed for 1 h so as to check the Bsol^to Bgel^transformation of the formulation. The upper surface of the formulation was visually observed by tilting and inverting the test tubes to check complete transformation of sol form to gel state (30) .
Drug-Excipient Compatibility Studies
Fourier Transform Infrared Spectroscopy. The Fourier transform infrared (FTIR) spectroscopy was performed to characterize the possible interactions between the drug and excipients, if any. The FTIR spectra of pure drug and its physical mixture with each excipient viz. sodium alginate, gellan, calcium carbonate, and gelatin were recorded in KBr disc over the range 4000-400 cm −1 using an FTIR spectrophotometer (M/s Perkin Elmer, MA, USA).
Differential Scanning Calorimetry. The differential scanning calorimetry (DSC) studies were carried out to investigate the thermodynamic compatibility of physical mixture of the drug with each excipient based on their melting point. The DSC thermograms of pure drug and its physical mixture with each of the excipients viz. sodium alginate, gellan, calcium carbonate, and gelatin were also recorded. Approximately 3-5 mg of the samples were transferred in an aluminium pan and heated at a rate of 10°C.min −1 up to 300°C under nitrogen environment at a flow rate of 20 mL.min −1 . Thermal analyses of DSC thermograms were conducted using the Q Series Thermal Advantage DSC software (DSC Q20, M/s TA Instruments, DE, USA).
Ex Vivo Gastroretention Studies
Ex vivo gastroretention potential of the optimized formulation was determined by oral administration of formulation mixed with methylene blue dye. The Wistar rats were sacrificed by cervical dislocation, and stomach was excised followed by dissection at an interval of 3 and 6 h after oral administration to check the retention of the formulation in the stomach.
In Vivo Pharmacokinetic Studies
In vivo parallel pharmacokinetic studies of the stimuliresponsive GR formulation were performed as per the protocol approved by the Institutional Ethical Committee of Panjab University, Chandigarh, India. Twelve healthy unisex Wistar rats (weighing 250-300 g) were employed for the current studies and kept under standard laboratory conditions at 25±2°C and 55±5% RH with free access to standard diet and tap water ad libitum. Prior to experimentation, the animals were divided into two groups, each containing six animals. Group I was administered with marketed oral suspension (Zovirax®, M/s GlaxoSmithKline, New Delhi, India), and group II was administered with optimized stimuli-responsive GR formulation orally using a stomach sonde needle for rats. All the animal groups received formulation containing a dose equivalent to 80 mg of acyclovir. Animals were anesthetized, and blood samples were collected in heparinized tubes by retro-orbital puncture at predetermined time intervals. Plasma was separated by centrifugation at 10,000 rpm (5590×g) for 10 min and stored at −80°C until analyzed using HPLC. The detail experimental protocol regarding the development and validation of HPLC method has been given in supplementary material text, Section 1, while the information on preparation of bioanalytical samples has been mentioned in supplementary material text, Section 2.
Computer-based pharmacokinetic data analysis and modeling on plasma drug concentration versus time data was carried out employing Win-Nonlin version 5.0 (M/s Pharsight, CA, USA). The files were created with the plasma concentration data along with other pertinent information. The data were fitted in 1-Compartment Body Model (1-CBM), and various pharmacokinetic parameters like maximum plasma concentration (C max ) and the corresponding time (t max ), area under the curve (AUC 0-24 h ) and the total area under the curve (AUC 0−∞ ), absorption rate constant (K a ), and elimination rate constant (K) were computed using Wagner-Nelson method and their statistical validity ratified. Statistical validity of the results were discerned on the basis of minimization of various model fitness parameters like Akaike information criterion (AIC), Schwartz criterion (SC), sum of squares of residuals (SSR), and maximization of Pearsonian correlation (R) and model selection criteria (MSC). The experimental results were statistically analyzed by two-way analysis of variance (ANOVA) using GraphPad Prism software ver 5.0 (M/s GraphPad Software Inc., CA, USA) with the statistical significance set at 5%.
In Vitro/In Vivo Correlation
Level A correlations were attempted between the in vivo pharmacokinetic parameter and the in vitro dissolution parameter for optimized stimuli-responsive GR formulation and the marketed oral suspension. For exploring the level A in vitro/in vivo correlation (IVIVC), a fraction of drug absorbed in vivo at various time points obtained using modified Wagner-Nelson method were correlated with fraction of drug release in vitro at the corresponding time points.
Stability Studies
Stability studies of the optimized formulation were carried out at refrigerated conditions (5±1°C) for 6 months. The samples were packaged in air-tight glass amber-colored bottles and evaluated for drug content, dissolution performance, gel strength, viscosity, and onset of floatation at predetermined time points, 0, 1, 2, 3 and 6 months, respectively.
RESULTS AND DISCUSSION
Characterization of Stimuli-Responsive GR Systems
Rheological Studies
All the formulations prepared as per the experimental design exhibited non-Newtonian rheological behavior, characterizing a typical pseudoplastic flow. The values of sol viscosity ranged between 45.6 and 493.3 mPas at pH 6.8, which was the inherent pH of the prepared formulations. The viscosity of stimuli-responsive GR systems increased linearly with increase in the content of each of the polymers, with more prominent influence of sodium alginate owing to the entanglement of a polysaccharide backbone in the presence of gastric fluid and plausible cross-linking, leading eventually to the enhancement in rheological properties of the formulations (31) . Gellan, however, being cationic in nature, partially influences the viscosity of in situ gel formulation owing to its gel-forming nature at the alkaline pH (32) .
Gel Strength Measurement
The gel strength of different formulations prepared as per the experimental design was found to range between 0.163 and 1.412 kg (Figure 1 of supplementary data) . The gel strength exhibited a linear increasing trend with increase in the concentration of each polymer. Interestingly, the effect of gellan was more prominent on the gel strength vis-à-vis sodium alginate, which can be attributed to the superior rheological and gelling properties of the former (32).
In Vitro Floating Studies
The in vitro floating studies revealed that the prepared stimuli-responsive GR formulations exhibited onset of floatation ranging between 3 and 13 min. The onset of floatation time increased quite significantly with increase in the concentration of each polymer, ostensibly owing to the swelling or hydration of the polymer hydrocolloid particles in the presence of gastric fluid. It has already been documented in literature that the balance between polymer swelling and water acceptance is a vital factor to ensure floatation of the formulations (33) . The generation of carbon dioxide gas due to the presence of calcium carbonate as gas-generating agent in the dosage form helped in floatation of in situ gel in the gastric medium. Also, the polymer hydration and gelation properties contributed in attaining the floatation characteristics of the formulation. The values of T 60% were selected to represent the extension in drug release profile, as it was found to be a much more discriminating attribute in comparison to other possible parametric options like T 70% , T 80% , and T 90% . Likewise, selection of Q 16 h was undertaken to investigate whether any significant amount of drug unreleased would remain in the polymer system as captive or not. Evaluation of drug release kinetics of the prepared formulations as per the Korsmeyer-Peppas equation indicated that the values of release rate exponent (n) ranged between 0.228 and 0.551, connoting a Fickian to quasiFickian mechanism of drug release (34) . Table 3 of supplementary data enlists the details on various dissolution and kinetic parameters of the prepared formulations. The dissolution parameters obtained in the data were found to be in consonance with the release kinetics parameter, where lower values of Bn^at higher concentrations of polymers owe to sustained drug release profile revealing the Fickian diffusion mechanism and vice versa.
Response Surface Analysis
The coefficients of the polynomial equation, generated as per Eq. (3) using multiple linear regression analysis (MLRA) for all the CQAs, i.e., η, G s , F o , t 60% , and Q 16 h , revealed excellent goodness of fit to the data, with the values of r 2 ranging between 0.990 and 1.000 (p<0.001 in each case). 
where Y stands for the response variables (i.e., CQAs) investigated for the prepared formulation, β 0 -β 7 represents the coefficients of polynomial equations generated for each response variable, and X 1 and X 2 are the CMAs. Figure 2a -e depicts the 3D response surface plots for various CQAs. Figure 2a illustrates the 3D response surface plot for viscosity, where a sharp ascending trend was observed with an increase in the concentration of sodium alginate at the low levels of gellan. However, an increase in the concentration of gellan shows a relatively negligible influence on the viscosity of formulation. This may be due to the swellable nature of the hydrocolloid (i.e., sodium alginate), which upon contacting with acidic gastric fluid leads to the formation of Bgel^phase. Likewise, the response surface plot in Fig. 2b demonstrated an identical relationship between the amount of sodium alginate and gellan on the gel strength of stimuli-responsive GR formulations. In the response surface plot portrayed in Fig. 2c for onset of floatation, a linear increasing trend was observed with an increase in the alginate and gellan fractions. Like viscosity and gel strength, alginate was found to exert greater influence on the onset of floatation with respect to gellan. The faster onset of floatation was observed at lower levels of both sodium alginate and gellan. The 3D response surface plot in Fig. 2d depicts an increasing trend for T 60% with augmentation in the values of sodium alginate and gellan fractions. However, the influence of sodium alginate on T 60% was observed to be more prominent, as is evident from the sharp inclining pattern of increase in T 60% . The maximum values for T 60% were observed at the higher levels of both the polymers. Conversely, the response surface plot depicted in Fig. 2e revealed a linearly descending trend for Q 16 h with an increase in the concentration of sodium alginate and gellan. Minimum value of Q 16 h was observed at the highest levels of sodium alginate and gellan.
Search for Optimum Formulation and Validation of QbD
Search for the optimized formulation was carried out with the help of feasibility search/numerical optimization desirability function by Btrading off^various CQAs to attain the desired goals, i.e., maximization of values of Q 16 h , T 60% , and Gs and minimizing the values of η and F O , to obtain the desirability function close to 1. The optimized formulation contained sodium alginate (104 mg) and gellan (97 mg), exhibited η of 117.04 Pas, G s of 0.291 kg, F o of 4.1 min, T 60% of 2.88 h, and Q 16 h of 93.16%, respectively. Figure 3 depicts the design space showing the optimal region and optimized formulation, respectively.
Validation of the QbD methodology was accomplished by preparing eight check-point formulations and comparison of their observed responses with those predicted ones. The percent prediction error (i.e., percent bias) for the CQAs varied between −6.38 and 3.33%, with overall mean±SEM as −0.134 ±2.193, with higher values of r 2 ranging between 0.982 and 0.999, thus ratifying excellent goodness of fit of the data (p<0.001 in each case) (Figure 2 of supplementary data) . The corresponding residual plots were found to be quite regulated with a relatively narrow, uniform, and random scatter around zero axis, indicating high degree of prognosis of the QbD approach. (Fig. 4) . Absence of gel formation at alkaline pH can be attributed to the dissociation of calcium carbonate as its constituent ions, which inhibit the gelling of sodium alginate and gellan. Interestingly, this phenomenon is favorable, as the formulation is intended to remain in the Bsol^form during its sojourn in the oral cavity and esophagus and gets transformed to the gel state after reaching the gastric environment (35) . 
Ex Vivo Gastroretention Studies
Visual observation of the rat stomach following administration of Bsol^form of the optimized stimuli-responsive GR formulation (without drug) containing a marker dye indicated that approximately 86% of the soft gel remained after 3 h of administration and 73% gel remained after 6 h of administration (Fig. 5) . Maintenance of the integrity of the gel over this time period probably resulted in the prolongation of drug release from the gel matrix within the region of absorption window, as is evident from the absence of color indication of the dye in the intestine. This confirmed the gastroretentive potential of the optimized stimuli-responsive GR formulation, as it gelled and floated instantaneously in the pH conditions of the stomach.
Drug-Excipient Compatibility Studies
Fourier Transform Infrared Spectroscopy Figure 7 illustrates the DSC thermograms of pure drug and its physical mixture with each of the studied excipients. The DSC thermogram of pure drug showed a single fusion endothermic peak at 246.83°C. Likewise, other DSC thermograms of physical mixture of drug with individual excipients did not exhibit any significant change in the melting point of drug, thus connoting a lack of any significant interaction(s) among them. Figure 8 portrays the plasma concentration time profiles of acyclovir with mean±SD values of marketed suspension (ZOVIRAX®) and optimized stimuli-responsive GR formulation. The pharmacokinetic profiles showed highly significant statistical difference (p<0.05) in the plasma concentration at all the studied time points. The data analysis was carried out using the biexponential 1-CBM kinetics without lag time for calculation of the pharmacokinetic parameters. Table III vividly illustrates various pharmacokinetic parameters, i.e., C max , T max , AUC 24 h , K a , and C max /AUC 24 h ratio of the optimized stimuli-responsive GR formulation and the marketed formulation. Among all the studied pharmacokinetic parameters, maximal change (i.e., nearly 3.2-fold extension) was observed in T max with respect to the marketed formulation (p<0.001). Further, the extent of drug absorption was also found to be significantly enhanced with 22% improvement in AUC 24 h (p<0.001). However, there was no statistically significant change observed in case of pharmacokinetic parameters like C max and C max /AUC last ratio.
Differential Scanning Calorimetry
The relatively high magnitude of T max and improved AUC 24 h of the drug from the stimuli-responsive GR formulations vis-à-vis the marketed formulation construed controlled drug release profile and enhanced drug bioavailability from the former. This was further supported by significant reduction in the value of K a revealing the extension in the drug absorption (p<0.01). Appreciable improvement in the systemic bioavailability of the optimized formulation can be attributed to the increase in gastric residence time vis-à-vis the marketed formulation. Moreover, this construed improvement in the biopharmaceutical performance of the developed formulation.
In Vitro/In Vivo Correlation
Level A IVIVC was attempted between the fractions of drug dissolved and absorbed at respective time points. Figure 9 summarizes the statistical parameters of level A IVIVC employing different curve fitting approaches. Higher magnitude of r 2 was observed for the stimuli-responsive GR formulations indicating a linear relationship, while the marketed formulation showed non-linear model fitting between the in vitro dissolution and in vivo absorption parameters. The results confirmed the prevalence of IVIVC with the prepared stimuli-responsive GR formulation.
Acyclovir as a BCS class IV drug exhibit incomplete gastrointestinal absorption owing to inadequate permeability and lipophilicity (36) . Thus, dissolution-limited or permeability-limited absorption is considered to be a major rate-governing step. Since the optimized stimuli-responsive GR formulation of acyclovir released the drug in a sustained manner, the in vivo absorption was able to keep a linear pace with the in vitro dissolution construing that the drug absorption behaved linearly with the dissolution of the drug. The marketed suspension, however, incomplete drug absorption was occurred plausibly owing to the poor retentivity of the dosage form within the gastric region for drug absorption. Accordingly, as was anticipated, IVIVC could not be attempted due to the rapid drug dissolution and, hence, inadequate number of data points.
Stability Studies
The stability studies of the optimized formulations revealed a lack of any significant difference in various physical and dissolution parameters like drug content, viscosity, gel strength, onset of floatation, and in vitro drug release over a period of 6 months at long-term stability. This corroborated high degree of physiochemical stability of the stimuliresponsive formulation over the periods of storage.
CONCLUSIONS
The present studies successfully vouch the use of rational QbD-oriented approach for the development of optimized stimuli-responsive GR system of acyclovir employing a simple and cost-effective approach for improving the patient compliance coupled with oral bioavailability improvement. Preformulation and risk assessment studies facilitated the selection of sodium alginate and gellan as the CMAs for formulation development employing the central composite design. The optimized formulation fulfilled maximum requisites of low viscosity Bsol^form, lower onset of floatation, higher gel strength, and higher regulation of drug release rate. Further, the in vitro gastroretention studies and in vivo pharmacokinetic studies in rats indicated a significant extension of drug absorption rate along with improved oral bioavailability vis-à-vis the marketed formulation. The promising outcomes of the current studies ratified successful development of the optimized stimuliresponsive GR formulation of acyclovir for improving its patient compliance and oral bioavailability. The results can be rationally extrapolated to other BCS class II/IV drugs.
